Analyses of cell surface determinants of splenocytes from copper-deficient C58 mice indicate alterations in lymphocyte subpopulation characteristics. Both the absolute number and the relative percentage of surface immunoglobulin-bearing (B) cells from copper-deficient mice were significantly greater than those from copper-supplemented controls. The relative percentage of Thy 1.2-positive (T) cells was decreased, and the decrease was most prominent within the Lyt 1-positive (helper) T-cell subset. The functional responsiveness of both B cells and T cells was decreased in copper deficiency.
Nutrition can influence immunological function. It is now firmly established that deficiencies of protein, calories, vitamins, or certain trace elements can lead to impairment of immunity (6, 9) .
Copper, a trace metal, is essential for many biological processes, including the immune response (2, 5) . Infants with Menkes' disease, a congenital X-linked copper deficiency, usually succumb to bronchopneumonia at a very early age (7) . Even the milder allelic forms of Menkes' disease are associated with frequent infection (10) . Nutritional copper deficiency in humans, although rare, is also characterized by recurrent infections that can lead to pulmonary sepsis (1, 14) . Copper supplementation is necessary to reduce infections in infants recovering from marasmus (4) . Domestic animals with insufficient copper intake show decreased bactericidal activity and impaired neutrophil function (3, 13) . Laboratory animals fed a low copper diet exhibit an increased susceptibility to bacterial infections (12, 17) and decreased resistance to tumor challenge (15) .
A mouse model of copper deficiency to investigate the role of copper in immune function recently was established in our laboratory (15, 16, 19, 20) . Previous results suggested that both humoral (20) and cell-mediated (15, 16) immunity were compromised in copper-deficient (Cu-) mice. It was in this context that we undertook an analysis of the subpopulation characteristics of lymphoid cells from Cu-mice.
MATERIALS AND METHODS
Mice. Inbred C58 mice were maintained at the animal facilities of the School of Medicine of the University of Minnesota, Duluth.
Pregnant dams were housed in polycarbonate cages with stainless-steel covers and wood shavings for bedding. Offspring were weaned at 3 weeks of age and were transferred to stainless-steel cages with wire-mesh floors at 4 weeks of age. Mice were used for experiments at 8 weeks of age.
Diet. On the day of parturition, C58 dams were switched from a nonpurified diet (Purina Mouse Chow; Ralston Purina Co., St. Louis, Mo.) containing 12 to 14 mg of copper per kg to a purified diet formulated to omit copper from the salt mix (modified AIN 76A; Teklad Laboratories, Inc., Madison, Wis.) which contained 0.6 mg of copper per kg. This diet has previously been used to establish copper deficiency in mice * Corresponding author. (18) . Half of the dams were given supplemental copper (20 pLg/ml as CUSO4) in their drinking water, whereas the remaining dams were given deionized water to drink. Pups were maintained on the treatment of their respective dams until the experiments began. For any given experiment, coppersupplemented, control (Cu+) and Cu-animals were matched as to age, sex, and weight. Each performed on an EPICS V cell sorter (Coulter Electronics, Inc., Hialeah, Fla.) equipped with an argon ion laser emitting 800 mW of power at 488 nm. For each sample the log of fluorescence intensity from 10,000 light scattergated cells was collected. The resultant histograms were integrated above channel 20 to determine the cells that were positively fluorescent.
Mitogen reactivity. For the mitogen studies, cells (5 x 105) were incubated with or without the designated mitogen in a volume of 0.2 ml of Click medium supplemented with 0.5% normal mouse serum for a total of 72 h. At 18 h before harvest, 1 ,uCi of tritiated thymidine (15 Ci/mmol) was added in 50 ,ul of complete medium. Cultures were collected by precipitation onto glass-fiber filters with a 12-place mechanical harvester. Filters were placed in plastic scintillation vials containing standard scintillation fluid and counted for 3H activity in a Beckman LS 3100 scintillation counter. The Results of triplicate samples were expressed as mean counts per minute + the standard deviation. A stimulation index (SI) for mitogen reactivity analyses was determined for some experiments by the formula: SI = counts per minute of cell culture at the optimal dose of mitogen/counts per minute of cell culture without mitogen. RESULTS
Mice fed the copper-deficient diet without supplementation (Cu-) developed visible signs of copper deficiency including hypopigmentation. Verification of the Cu-state was confirmed by measuring ceruloplasmin activity in plasma. Ceruloplasmin values were negligible in the Cugroup (less than 0.4 U/liter) compared with a mean value of 22.2 U/liter for mice given the copper supplement in their drinking water (Cu+). Chronic dietary copper deficiency often, but not always, led to enlarged spleens based on fresh weight compared to Cu+ mice. The Cu-mice used for lymphocyte enumeration in these studies showed this variable response (Table 1) . Splenomegaly, as indicated by an increase in spleen size and in total splenocyte number, was observed in two of the experiments depicted here (Table 1 ). In all experiments there was a statistically significant increase in the number of surface-immunoglobulin-bearing (B) cells associated with copper deficiency, in terms of relative number of cells per spleen. The absolute number of splenic B cells in Cu-mice was usually (see experiments 1 and 2 in Table 1 ) at a level two to three times that seen in Cu+ controls. The absolute number of cells bearing the Thy 1.2 marker was not significantly changed by copper deficiency when splenomegaly was observed, although the relative percentage of these T cells was below control values in all experiments ( Table 1) . The enumeration of Lyt 1-positive T cells indicated that the relative decrease in the total T-cell population was mainly within this subset (predominantly T helper cells). The data also showed that the absolute number and relative percentage of the Lyt 2-positive T cells (cytotoxic-suppressor cells) were not reproducibly changed by copper deficiency.
Fluorescence profiles of representative mice indicated that the density of surface antigen labeling was altered by dietary copper deficiency (Fig. 1) . Copper deficiency appears to diminish those T-cell subsets that would normally posses,s the higher fluorescence intensity. Interestingly, the B-cell profile, except for the numerical differences, appears similar for both Cu-and Cu+ mice.
Another intriguing observation noted with the Cu-animals was that a great number of large (presumably blastoid) cells were routinely observed with chronic copper deficiency. The typical cytofluorometric analysis was gated to count all cells that were approximately 7 ,um in diameter. The fluorescence of many cells in spleens of Cu-animals was not counted because they exceeded the gated size. Microscopically, these cells appeared to be blastoid in nature and may represent immature types. Of the total splenocytes in a typical Cu-spleen, 30 to 40% would be such cells, whereas a typical Cu+ spleen would have no more than 15%.
The lymphocyte reactivity of the cells used for fluorescence analysis was measured in terms of reactivity to the T-cell mitogens phytohemagglutinin and concanavalin A and to the B-cell mitogen lipopolysaccharide (Table 2) . Interpretation of mitogen reactivity was complicated by the reproducible observation that [3H]thymidine incorporation by Cu-splenocytes in the absence of mitogen was significantly elevated (1.7-to 4.3-fold) compared with incorporation by Cu+ splenocytes. Nevertheless, in most cases decreased mitogen reactivity was observed both in terms of total counts per minute and in terms of SIs for all three mitogens (statistically significant in six of the nine cases presented in Table 2) . DISCUSSION These results clearly show that chronic dietary deficiency of copper can influence the lymphocyte population of the spleen. When splenomegaly was observed, the predominant finding was a large increase in B cells, whereas total T cells remained at levels equivalent to those of the control. Consequently, a major shift in the ratio of B cells to T cells was evident in spleens of Cu-mice. Furthermore, even when spleen size was small in Cu-mice, the B-cell compartment, relative to that of T cells, was high, suggesting some fundamental alteration in lymphocyte differentiation associated with copper deficiency. The variability in splenomegaly reported in these studies confirms other work published earlier on C58 mice (19, 20) and C57 black and Swiss white mice (11, 12) .
The mechanisms leading to an increase in the total number (19) and depressed thymocyte mitogenic reactivity (0. A. Lukasewycz and J. R. Prohaska, unpublished data). If copper deficiency leads to a "functional thymectomy" as suggested by these previous results, the B-cell proliferation could be attributed to lack of thymic regulation. Vyas and Chandra recently have shown decreased serum thymic factor activity in copper-deficient rats (23) . Another possibility relates to the finding by Roth and Koshland (21) which indicates that a copper-dependent enzyme is necessary for the formation of the J chain in the production of immunoglobulin M. Insufficiency of copper might lead to B-cell proliferation due to lack of a sufficient feedback signal by the formed immunoglobulin M.
The results of the mitogen studies in these experiments are in accord with previous findings which indicated a decreased mitogenic responsiveness and showed the level of anergy to concanavalin A to be related to the degree of copper deficiency (16 (8) .
Previous observations from our laboratory and from others show that dietary copper deficiency causes not only a depressed humoral immune response but an impaired cellmediated immune response as well. Furthermore, the suppression of immunity appears to be directly proportional to the severity of copper deficiency (16, 20) . Chronic copper deficiency alters the size, biochemistry, and morphology of both primary and secondary lymphoid tissue (19) . Copperdeficient mice have small thymus glands and enlarged spleens 
